Histological methods cannot accurately assess the functional capacity of the human adrenal cortex. About 36 per cent of patients with Cushing's syndrome are reported to have adrenal glands normal in weight and histological appearance (1, 2) . Adrenal adenomas are considered functional only if they are associated with atrophy of nonadenomatous adrenal tissue. Moreover, certain tumors of the adrenal medulla and kidney cannot be distinguished from cortical neoplasms by histological techniques (3) .
Several recent reports have demonstrated that the human adrenal cortex retains much of its activity in vitro (X11). Adrenal homogenates or slices have been found to produce steroids, incorporate precursors into more complex compounds, and respond to ACTH. 1 Cooper and co-workers showed that adrenal slices produced the same corticosteroids in vitro that were found in adrenal vein blood (8) . Bongiovanni (9) demonstrated that homogenates of adrenals from patients with congenital adrenocortical hyperplasia were unable to hydroxylate the 21-carbon atom of steroid precursors, a defect present in vivo. Incubation experiments with rat, ox, and human adrenal slices indicate that the steroids are readily released into the incubation media (10) (11) (12) (13) (14) ; this technique therefore affords the opportunity to investigate directly the function and biosynthesis of steroids by human adrenal tissue. * This work was supported by Grants C-3998 and A-254 (C8) from the US Public Health Service.
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Association during part of this study. The present report is a study of the corticosteroids synthesized and released into the media after incubation of atrophic, "normal," hyperplastic, and adenomatous adrenal tissue slices from two patients with hypertension and four with Cushing's syndrome.
SUBJECTS AND METHODS
Seven adrenals and three adenomas were removed from 4 patients with Cushing's syndrome and two adrenals from a patient with malignant hypertension. In a patient who underwent a laparotomy for a suspected pheochromocytoma, the right adrenal was removed because of a small mass in one pole which was found to be a hemorrhage of recent origin and not a pheochromocytoma; otherwise, the gland was of normal weight and histological appearance. An adenoma and "normal" adrenal were obtained at autopsy from 2 patients with no known adrenocortical dysfunction. All adrenal glands were removed at a one-stage operation and kept cold throughout all the experimental manipulations. All patients received cortisone acetate or cortisol hemisuccinate the evening prior to and the morning of surgery.
Blood and cortisol were administered during the operative procedure. There was no evidence of congestive heart failure. Diagnostic studies for pheochromocytoma, hyperaldosteronism and unilateral renal disease were unrevealing. Urinary excretion of 17-ketosteroids and 17-ketogenic steroids were normal. Serum potassium was 2.6 mEq per L, serum sodium 139 mEq per L, chloride 91 mEq per L, and CO2 33 mEq per L. It was felt that the low serum potassium was caused by chlorothiazide therapy. The serum potassium returned to normal on a routine diet without potassium supplementation. Nonprotein nitrogen was 57 mg per 100 ml. The patient had 11.5 g per 100 ml hemoglobin and 35 per cent hematocrit. Urine cultures were sterile. Because of the progressively malignant nature of the hypertension, a bilateral adrenalectomy was performed. Both adrenals were enlarged. The blood pressure decreased significantly, but the patient experienced an acute myocardial infarction on the third postoperative day and succumbed. An autopsy confirmed the clinical cause of death.
J.K., a 41 year old male, was admitted to the hospital because of increased "nervousness, sweating and tachycardia" of about 2 years' duration. The patient claimed to have been "nervous" for many years. Two months prior to admission an elevated blood pressure of 170/110 was found, associated with increased urinary catecholamines. Aside from the elevated blood pressure on admission, physical examination was normal. Additional measurements of catecholamine excretion in the hospital were normal as were other diagnostic studies. An intravenous pyelogram showed an absent left kidney and ureter, and a mass in the region of the left adrenal. A careful surgical exploration revealed that the left kidney, adrenal gland and mass were indeed absent. The patient was unimproved upon discharge. He returned 1 month later and an exploration of the right adrenal gland with subsequent total removal was performed. Tracer quantities of progesterone-16-H' and corticosterone-4-C14, purified to constant specific activity by paper chromatography, were added to some experimental flasks. After incubation the media were carefully decanted and the tissue and flasks washed three times with cold isotonic saline and appropriate media pooled. In order to correct for chemical losses incurred during manipulations, tracer quantities of C1'-labeled cortisol and corticosterone, and tritium-labeled aldosterone were added to the media (except those from the incorporation studies). Because corticosterone and 11-deoxycortisol were carried through the same chromatographic systems and had similar mobilities except for approximately 3 cm separation on a second chromatogram, it was assumed that the recoveries of corticosterone and 11-deoxycortisol were similar. Therefore, the recoveries of the added tracer C14-corticosterone were also used to correct for chemical losses of 1 1 -deoxycortisol. Separation and measurement of corticovteroids. The media were extracted twice with 2 vol of dichloromethane which had been purified by passage through a silica-gel column. The dichloromethane extract was washed once with 0.1 vol of 0.05 N NaOH, twice with 0.1 vol of distilled water, dried with anhydrous sodium sulfate, and evaporated in vacuo at 370 C. The residues were applied to Whatman no. 1 chromatography paper, along with appropriate standards, and developed for 72 hours in a modification of the toluene: propylene: glycol system of Burton, Zaffaroni and Keutmann (15) . The effluents were collected. Corticosteroids were located on the chromatograms by the ultraviolet scanning method. The cortisol and cortisone-aldosterone areas were eluted separately with absolute ethanol and rechromatographed in the Bush-C system (16) which separated cortisone and aldosterone. The effluents from the toluene-propylene glycol system were chromatographed for 20 hours in the cyclohexane: dioxane: methanol: water system (100: 100: 50: 25) which separated corticosterone from 11-dexoycortisol (17) . C14-labeled steroids were also located on the chromatograms by a gas-flow paper chromatogram scanner with a thin window. Identical mobilities were observed by the ultraviolet absorbing and radioactive strip scanning techniques.
Quantitative measurements of the isolated corticosteroids were performed on eluates from the second chromatographic systems by the alkaline fluorescent method of Abelson and Bondy (18) . For each corticosteroid measured, the corresponding authentic steroid was used in construction of the standard curve, except in the case of aldosterone. The fluorescent curve of the latter was approximated more closely by corticosterone than by any of the available steroids tested (19 The isolated corticosteroids were identified by virtue of their characteristic mobilities in two to three different chromatographic systems, ultraviolet absorption, fluorescence in alkaline solution and, in some instances, maximal ultraviolet absorption at 240 to 242 m1u, and blue tetrazolium reaction. In the incorporation studies, several samples of H3-cortisol and W-corticosterone which were synthesized from progesterone-16-H' were further characterized after elution from the second chromatogram.
HW-cortisol was chromatographed in the E2B system (20) , then mixed with authentic C`-cortisol and the ratio of H': C14 determined after further chromatography as the monoacetate in the carbon tetrachloride: methanol: water system and the cyclohexane: dioxane: methanol: water system (17) . The HW-corticosterone was chromatographed on the E2B system and its specific activity remeasured.
RESULTS
In Figure 1 are represented the pre-and post-ACTH stimulation levels of plasma cortisol of four patients with Cushing's syndrome. The pre-ACTH levels were abnormally high in L.H., M.Mc. and T.N. There was an exaggerated response to ACTH stimulation in all, although the first responses of L.J. were within normal limits despite the presence of classical signs of Cushing's syndrome.
In Table I is shown the steroid production by adrenal tissue from patients without Cushing's syndrome and by the ipsilateral atrophic gland of Patient L.J. with the syndrome. The first two Total steroid production. The total corticosteroid production per gland by all tissues is shown in Table III . These results are based on the assumption that the incubated tissue was representative of the entire gland. The total production of the most potent glucocorticoid, cortisol, by the hyperplastic and adenomatous tissues was consistently greater than that of the "normal" and atrophic adrenal glands. The total production of cortisol by the adrenals from the patient with malignant hypertension was in the range of the values from the patients with Cushing's syndrome.
There was no direct correlation between the total pre-and post-ACTH cortisol production in vitro with the in vivo pre-and post-ACTH plasma cortisol levels. In fact, those patients with the highest post-ACTH plasma cortisol levels did not always have the highest total cortisol production in vitro.
The quantity of corticosterone produced by the adenoma of L.H. was markedly elevated after incubation in the presence of ACTH. This steroid could not be measured by the usual clinical methods for evaluating adrenocortical function. Although all the patients with Cushing's syndrome had significant hypertension, little or no aldosterone per gland was produced. The left adrenal of E.W. had the highest basal production of corticosterone and 1 1-deoxycortisol of any gland incubated.
Incorporation studies. In Table IV are listed the incorporation data from incubation of adrenal slices with corticosterone-4-C14 and progesterone-16-H3. Radioactive cortisol, corticosterone, and aldosterone were isolated from the media. Radioactive and chemical measurements of each compound were made after the second chromatography. Although the specific activities of progesterone-16-H3 and corticosterone-4-C14 substrates were constant with separate slices from the same adrenal, they were not constant between experiments with different adrenal glands. This should not influence the comparison of results appreciably, since the smallest ratio by weight of tissue to substrate was approximately 8,600 to 1. In order to compare the incorporation results, the ratio of the specific activity (SA) of the product to that of the substrate is expressed. Although no correction for chemical losses or the possible effect of substrate was made, no striking difference was observed in the amounts of steroids produced per g per 3 hours' incubation by the different tissue slices of each adrenal in the control (Tables  I and II) and incorporation studies. There was only one exception, with the adenoma from L.J. In this experiment, the control studies resulted in a higher amount produced per g per 3 hours' incubation (Table II) than did the incorporation studies. As can be seen, similar SA and per cent of incorporations resulted when separate slices of an adrenal gland were incubated with the same precursor.
Although radiochemical purity has not been demonstrated for all the steroids isolated, further purification of several samples of cortisol-16-H3 and corticosterone-16-H3 revealed that measurements of SA after the second chromatogram are reasonably valid.
In Table V is shown a slight decrease in the specific activities of cortisol between the second and third chromatogram. Additon of authentic C14-cortisol, followed by acetylation and two subsequent chromatographies, showed a further removal of minimal amounts of tritium impurities. None of these changes, however, is great enough to alter significantly the interpretation of the results.
Carrier corticosterone was added to several samples of corticosterone-16-H3 after the second chromatography system; specific activities were measured and the samples were processed in a third chromatography system. Table VI shows that there was very little change in SA between the two chromatograms.
Radioactive progesterone was readily incorporated into cortisol. Of each 10 ug of cortisol synthesized, approximately 1 ,ug came from the progesterone in the media. When corticosterone-4-C14 was the substrate, only small amounts of radioactivity were present in the cortisol area of the second paper chromatogram. Subsequent purification separated most of this radioactivity from cortisol. Although there was a higher percentage of incorporation of progesterone into cortisol than into corticosterone, the SA, and the ratio of the SA of product to substrate, was greater for corticosterone than cortisol. These calculations indicate a higher incorporation per microgram produced. In three of the four incorpora- tion studies with adrenal slices from patients with Cushing's syndrome, there was a greater percentage of the progesterone-16-H3 incorporated into cortisol than by the slices from the "normal" adrenal gland.
A comparison of aldosterone biosynthesis from progesterone-16-H3 or corticosterone-4-C14, by the normal and hypertensive tissue, is of interest. When corticosterone-4-C14 was used as a substrate, the tissue incorporated a greater percentage of the radioactivity into aldosterone and produced more aldosterone per gram of tissue; also a higher ratio of SA of product to substrate was observed. However, when progesterone-16-H3 was the substrate, the SA of the radioactive aldosterone produced was 72 per cent of the SA of the cortico- Table IV. sterone-16-H3 produced. The results from the tissue of patients with Cushing's syndrome are difficult to interpret. Although radioactivity was found in the aldosterone area, insufficient aldosterone was produced for chemical measurement.
Thus, specific activities could not be calculated or compared with the normal and hypertensive tissue.
In Table VII are listed the ratios of cortisol: corticosterone in relation to micrograms produced and per cent incorporation after incubation of adrenal slices with progesterone-16-H . These results have been calculated from the data in Table IV . In each experiment the ratio of the micrograms produced is much greater than that of the per cent incorporation or, in other words, the specific activity of the cortisol is less than the specific activity of corticosterone.
DISCUSSION
In the present study with human adrenal slices, cortisol, corticosterone, cortisone, 11-deoxycortisol and, in some instances, aldosterone were detected in the incubation media. Each of these compounds has been detected in human adrenal vein blood in roughly the proportions present in the incubation media, except for aldosterone. The proportion of aldosterone is generally much higher in adrenal incubation media, compared with adrenal vein blood (8, (21) (22) (23) . The incorporation of radioactive precursors, response to ACTH, and failure of postmortem glands to produce steroids are evidence for active synthesis and release, and not merely leaching of preformed steroids from the tissue, although it is probable that small amounts of steroids were l)resent in the tissues prior to incubation. Neher (24) found 1.5 to 3.9 jug of cortisol per g of tissue after ho-mogenization and extraction of the entire gland; these four normal human adrenals were removed 1 to 2 hours post mortem. Small amounts of cortisone, corticosterone and barely detectable quantities of aldosterone were also found. Neher also noted that two adrenal glands removed from a subject 12 hours after suicide contained barely detectable quantities of steroids. Since approximately 1 g of autopsy adrenal tissue slices was incubated in the present study, it does not seem likely that measurable amounts of the small quantities of preformed steroids would be extracted by mere incubation in buffer. Dyrenfurth, Lucis, Beck and Venning (11) have shown a rough correlation between the excretion of urinary steroids and the in vitro production of steroids by adrenal slices from patients with Cushing's syndrome. This technique therefore appears to be valid for studying adrenocortical function. The limited availability of normal and even "hypertensive" adrenals, however, restricts the comparison of the results of "Cushingoid" tissue with other tissue. Moreover, the rates of secretion in vitro calculated for 24 hours are much less than those reported in vivo (25) .
The rates of production of cortisol, cortisone and corticosterone by the adrenal slices per gram tissue per 3 hours' incubation from the patients with Cushing's syndrome are in agreement with those of Dyrenfurth and co-workers (11), although these investigators found slightly more aldosterone. The results of Bailey, Slade, Lieberman and Luetscher (10) corroborate the present finding of little or no aldosterone produced in vitro by adrenals from patients with Cushing's syndrome.
Pattern, rate and total steroid production. No striking difference in the basal pattern of steroid production by the "normal," atrophic and hypertensive tissue was noted except that the adrenal tissue from three of the four patients with Cushing's syndrome produced little or no aldosterone. All were hypertensive but none had derangement of serum electrolytes. This failure to measure aldosterone in the incubation media of several glands may have been due to the small amount of tissue incubated and the losses incurred during purification (mean + SD per cent recovery of added H3-aldosterone = 58 ± 13). Although Dyrenfurth and colleagues (11) consistently found small amounts of aldosterone in the incubation media of adrenal tissue from patients with Cushing's syndrome, most of the glands they studied were within normal size by weight. Possibly these glands had less hyperplasia of the zona fasciculata and therefore more zona glomerulosa per gram of tissue. Nevertheless, our observation of minimal or absent aldosterone is consistent with the small area of zona glomerulosa that was seen histologically and is consistent with the findings of Bailey and co-workers (10). The zona glomerulosa has been reported to be the site of aldosterone production in the ox and rat (13, 14) . However, even in normal subjects the zona glomerulosa is not always morphologically distinct (26) . The hypertension in the patients with Cushing's syndrome cannot be attributed to excessive aldosterone or excessive deoxycorticosterone, since none of the latter was detected by ultraviolet scanning. The hypertension of these patients with Cushing's syndrome, therefore, may be due to the action of steroids other than mineralocorticoids. However, Dyrenfurth and colleagues reported a direct correlation between the severity of hypertension and the percentage of aldosterone of the total steroid production; yet there was a poor correlation when the aldosterone per gland or the rate of aldosterone production in micrograms per gram per hour was used as an index.
Comparison of steroid production per gram of tissue per 3 hours of incubation illustrates that the production rates were about the same for tissue from patients with or without Cushing's syndrome except for the two adenomas which had much lower production rates. However, calculation of the total production of cortisol, the most potent of the glucocorticoids, per gland indicated that the tissue from the patients with Cushing's syndrome produced more steroid than "normal" and atrophic tissue chiefly because the total adrenal mass was larger. This corroborates results of Symington and co-workers (2), who found that adrenal homogenates from patients with Cushing's syndrome had no greater 11,13 hydroxylating activity per unit weight than had homogenates of normal tissue, and those of Bailey and colleagues (10) who reported no increased rate of production per unit weight by hyperplastic adrenals. These observations must not apply to all adrenal tissue of Cushing patients, since this syndrome may be associated with normal-sized glands, in which cases there may be a greater rate of production per unit weight or persistent steroid secretion without diurnal variation, as has been reported in some cases of Cushing's syndrome with adrenal hyperplasia (27) . Dyrenfurth and associates (11) actually studied the in vitro production by normal-sized adrenals from patients with Cushing's syndrome and did not find an excessive rate of production per gram. Of particular interest are the results of the adrenal slice incubation from the patient with malignant hypertension. Although the production in micrograms per gram per 3 hours of all steroids is not high, the total quantity of cortisol produced falls into the production range of the patients with Cushing's syndrome. Moreover, the total quantity of aldosterone produced is much greater than the "normal" and atrophic tissue. Both of these findings are due to the large size of the glands. Although measurement of this patient's aldosterone excretion in one 24-hour urine specimen was only 3 ,ug, it has been shown by Laragh and co-workers (28) that patients with malignant hypertension generally have an increased rate of aldosterone secretion. Several workers (29) (30) (31) (32) have shown that angiotensin causes an increase in aldosterone production in man and dog. One of the present authors (32) has shown that in the hypophysectomized dog angiotensin increased aldosterone and, to a lesser extent, glucocorticoid secretion. Since there are some reports that adrenal glands are enlarged in severe hypertension, it is intriguing to speculate that angiotensin not only increases the endogenous secretion but also causes growth of the glands.
All tissue from the Cushing patients, including the atrophic adrenal and the three adenomas, responded to ACTH in vitro. The response of the adenomas is further evidence against the use of an ACTH test clinically to distinguish between adenomas and hyperplasia. In fact, the two adenomas associated with adrenal atrophy showed a significant increment in plasma cortisol after ACTH in vivo. The single 32-gram adenoma associated with bilateral adrenal hyperplasia showed a marked increment in corticosterone production when stimulated by ACTH. Dorfman (33) has also described large amounts of corticosterone synthesized by an adrenal adenoma in vitro. The role of corticosterone in the pathogenesis of the symptoms of Patient L.H. is not obvious. Although corticosterone alone is not a potent gluco-or mineralocorticoid, it may have synergistic effects with other steroids. In vitro studies have shown that some tumors from patients with Conn's syndrome produce significant quantities of corticosterone as well as aldosterone (10, 34) . Moreover, Ross (35) has demonstrated that corticosterone enhances the potassium-losing effect of aldosterone in man.
Incorporation studies. In both normal and abnormal tissue a larger percentage of progesterone-16-H3 is incorporated into cortisol than into corticosterone. The specific activity of the corticosterone, however, is higher. As is shown in Table  VII , the ratios in micrograms produced of cortisol to corticosterone are much greater than the ratios of the percentage of incorporation of progesterone-16-H3. This is surprising since, if progesterone were the common substrate for biosynthesis of cortisol and corticosterone, the two ratios should be similar. This finding is supported by the data of Eichhorn and Hechter (36, 37) which showed that incubation of radioactive progesterone with bovine adrenocortical homogenates in various media yielded corticosterone with a higher specific activity than cortisol, regardless of the relative quantities of steroid produced, while incubation with C14-cholesterol always produced cortisol with a higher SA than corticosterone. Moreover, Berliner, Berliner and Dougherty (7) found that a greater percentage of C14-progesterone was incorporated in vitro into corticosterone than into cortisol by adrenal tissue from patients with mammary carcinoma and Cushing's syndrome, even though more cortisol than corticosterone was actually produced. There are numerous possible explanations for such discrepancies between the chemical and radioactive ratios. They have been adequately discussed by Ayres and co-workers (38) in relation to the role of progesterone and corticosterone as precursors for aldosterone. Certain of these possibilities appear unlikely, in view of the present and other studies with human adrenal tissue.
It is unlikely that sufficient cortisol is formed prior to the incubation to dilute the cortisol synthesized from radioactive progesterone, since incubation of autopsy adrenal tissue failed to re-lease cortisol. Moreover, exhaustive extraction of normal and hyperfunctioning adrenal tissue by Neher (24) resulted in much less cortisol per gram of tissue than was released into the incubation media by a gram of adrenal in the present study. Nor is it likely that the rates of production of either cortisol or corticosterone changed significantly during the incubation period, since both Dyrenfurth (11) and Cooper (8) and their co-workers demonstrated that rates remained constant over several hours of incubation. Possible explanations, such as greater dilution of the radioactive progesterone products by a larger pool of intermediates in the cortisol biosynthetic pathway than in the corticosterone pathway, and differences in the rates of access of the substrate, radioactive progesterone, to the different enzyme sites involved in cortisol and corticosterone synthesis (37) , cannot be excluded. However, a distinct possibility is that a portion of cortisol is synthesized by alternate pathways(s)) which bypass progesterone.
Recently Weliky (39) reported that 17a-OHpregnenolone is incorporated into cortisol by sheep adrenal tissue in vitro.2 This supports the possibility that a certain amount of cortisol is produced by an additional pathway(s) which does not require progesterone, since 17a-hydroxy-pregnenolone is not a precursor for progesterone (40) .
These incorporation studies with human adrenal slices confirm the observations reported with bovine adrenal tissue that prior hydroxylations at the 11-and 21-carbon atoms prevent subsequent hydroxylation at the 17-carbon atom (36, 41) . The data substantiate this observation for abnormal human tissue as well, since incubation with corticosterone-4-C14 of adrenal slices from the patients with Cushing's syndrome resulted in very little radioactivity in the cortisol area after the second paper chromatogram, and most of this radioactivity is separated from cortisol by a third chromatogram. These results differ from a preliminary report of the authors which mentioned that a small amount of corticosterone-4-C14 was incorporated into cortisol (42) . 2 Recently we have found this to hold true with human adrenal tissue also. Slices of a hyperplastic adrenal incorporated l7a-OH-pregnenolone-HW into cortisol. Since unequivocal demonstration of radiochemical purity is still in progress, these results will be reported later.
Studies of aldosterone biosynthesis have yielded conflicting results regarding the most efficient precursor for aldosterone: corticosterone or progesterone (38, (43) (44) (45) (46) . Previous studies by the authors with human adrenal slices from patients with carcinoma of breast indicated that 1 to 3 per cent of the precursor C14-corticosterone was incorporated into aldosterone (47) . In the present incorporation experiments, only the adrenal slices from patients wvithout Cushing's syndrome synthesized sufficient aldosterone to be measured chemically. In Table V it is shown that 0.56 and 0.51 per cent of the C14-corticosterone substrate was incorporated into aldosterone, while 0.21 per cent of progesterone-16-H3 was incorporated. The ratios of SA aldosterone/SA substrate were also higher in the C14-corticosterone incubation experiments. However, in the progesterone experiment the SA aldosterone-16-H3 isolated from the incubation media was 72 per cent of the corticosterone-16-H3, suggesting that the main pathway for aldosterone synthesis from progesterone is through corticosterone. This observation is in agreement with the findings of Ayres and associates (38) . The failure to demonstrate identical specific activities of aldosterone and corticosterone might be explained by dilution with nonisotopic aldosterone formed prior to complete equilibration of H3-progesterone with the precursor pool or by synthesis of aldosterone via a pathway from progesterone which bypasses corticosterone (38) .
SUMMARY
Production of corticosteroids by adrenal slices from one patient with mild hypertension, one with malignant hypertension, and four with Cushing's syndrome was studied in vitro. The adrenal slices produced cortisol, cortisone, corticosterone, 11-deoxycortisol, and aldosterone; responded to ACTH stimulation; and incorporated radioactive precursors into biological compounds. Rates of production by the "normal," "hypertensive," "atrophic" and "Cushingoid" tissue expressed as micrograms per gram per 3 hours did not differ strikingly except for two adenomas which had reduced rates of production. However, because of their larger size, the total production per gland was greater for the hyperplastic and adenomatous tissue. The total production by the adrenals from the patient with malignant hypertension fell into the range of the latter groups. Incubation of adrenal glands obtained post mortem released 11o steroids into the media, despite the addition of cofactors.
The incorporation studies with progesterone-16-H3 as the precursor suggest that a portion of cortisol is synthesized by a pathway which circumvents progesterone. The major pathway for aldosterone biosynthesis is through corticosterone, although an alternative pathway was not excluded.
